Abstract Fungal infections are increasing worldwide, including in the aquatic environment. Microbiota that coexist with marine life can provide protection against fungal infections by secretion of metabolites with antifungal properties. Our laboratory has developed mass spectrometric methodologies with the goal of improving our functional understanding of microbial metabolites and guiding the discovery process of antiinfective agents from natural sources. GA40, a Bacillus amyloliquefaciens strain isolated from an octocoral in Panama, displayed antifungal activity against various terrestrial and marine fungal strains. Using matrix-assisted laser desorption/ ionization-imaging mass spectrometry (MALDI-IMS), the molecular species produced by this microbe were visualized in a side-by-side interaction with two representative fungal strains, Aspergillus fumigatus and Aspergillus niger. The visualization was performed directly on the agar without the need for extraction. By evaluating the spatial distributions, relative intensities and m/z values of GA40 secreted metabolites in the fungal interactions and singly grown control colonies, we obtained insight into the antifungal activity of secreted metabolites. Annotation of GA40 metabolites observed in MALDI-IMS was facilitated by MS/MS networking analysis, a mass spectrometric technique that clusters metabolites with similar MS/MS fragmentation patterns. This analysis established that the predominant GA40 metabolites belong to the iturin family. In a fungal inhibition assay of A. fumigatus, the GA40 iturin metabolites were found to be responsible for the antifungal properties of this Bacillus strain.
Introduction
The occurrence of fungal infections is increasing worldwide and has impacted both terrestrial and aquatic environments (Fisher et al. 2011; Kupherschmidt 2012) . A catastrophic infection by Batrachochytrium dendrobatidis (Longcore et al. 1999) , a fungal amphibian pathogen, has been implicated in outbreaks of chytridiomycosis at pandemic levels causing the extinction of more than 200 amphibian species (Berger et al. 1998) . The white-nose syndrome, first detected in 2006, has resulted in an unprecedented decline of the bat population in the Northeastern United States and is caused by a fungal infection with Geomyces destructans (Blehert et al. 2009; Lorch et al. 2011) .
While these devastating fungal infections recently have captured significant interest, fungal disease in the marine environment has been an enduring phenomenon affecting marine species in their natural habitats as well as the aquaculture industry throughout the world. For instance, the massive destruction of sea fan corals in the Florida Keys (US) and throughout the Caribbean in the 1990s was attributed to terrestrially derived Aspergillus sydowii (Alker et al. 2001; Kim and Harvell 2004) . This epizootic aspergillosis caused approximately 50 % mortality in the population of the octocoral Gorgonia ventalina in 1997, but mortality decreased to 10 % by 2003, and was less than 1 % in 2007 (Bruno et al. 2011) . Some studies suggest that the decline of the aspergillosis outbreak was due mainly to the emergence or survival of individuals resistant to the fungal infection among other factors (Bruno et al. 2011; Kim and Harvell 2004) .
Corals are composed of symbiotic zooxanthellae algae and a complex microbial community associated with the coral tissue and mucus. This assemblage of organisms has been named the coral holobiont. It has been proposed that microbiota that inhabit corals play a critical role in the defense of their host against pathogens by secretion of specialized metabolites, including antifungal and antibiotic compounds, and signaling molecules (Golberg et al. 2011; Rypien et al. 2010; Shnit-Orland et al. 2012; Zhang et al. 2012) . Moreover, the coral probiotic hypothesis suggests that the microbial component of the holobiont is involved in the development of resistance to coral pathogens (Reshef et al. 2006) .
Identification of endogenous bacterial strains that produce antifungal compounds can lead to probiotic treatment of hosts against pathogenic fungal infections, a strategy that has been successfully applied in the fight against chytridiomycosis (Harris et al. 2009 ). In agricultural systems, antifungal-producing bacterial strains have been employed as biocontrol agents (Gardener and Fravel 2002) , but in the marine environment this form of disease management is not well explored.
We isolated the Bacillus amyloliquefaciens strain GA40 from the octocoral Muriceopsis bayeriana collected at Galeta Point, Caribbean of Panama, home to a large number of indigenous and endemic microbial species. Strain GA40 was able to inhibit the growth of several fungal species from both terrestrial and marine origin including Aspergillus fumigatus, which is relevant to humans due to its ability to infect immunocompromised patients leading to aspergillosis (Latgé 1999) . This strain also is common in the marine environment and leads to gliotoxin contamination in shellfish (Grovel et al. 2003) .
To understand how coral-associated microbes interact with potentially pathogenic fungi at the molecular level, novel technologies are necessary. Matrix-assisted laser desorption/ ionization-imaging mass spectrometry (MALDI-IMS) allows simultaneous visualization of hundreds of metabolites present in a microbial interaction with minimal sample manipulation and without the need for extraction from the agar growth medium (Watrous and Dorrestein 2011; Yang et al. 2009 Yang et al. , 2012 . Instead of focusing on one metabolite, IMS provides a snapshot of the complex exchange of metabolites that takes place when microbes live in close proximity, and can guide the isolation of metabolites of particular interest such as antifungal compounds. Annotation of the microbial metabolites is facilitated by MS/MS networking of microbial extracts or by using nanospray desorption electrospray ionization (nanoDESI), a novel mass spectrometry technique that can monitor metabolite production from live microbial colonies directly on agar . Metabolites with similar MS/MS fragmentation patterns are grouped together by MS/MS networking. Within the network, identification of one member in a molecular family cluster facilitates annotation of the surrounding neighbors. Here, we demonstrate how MALDI-IMS and MS/MS networking were used together to study the interactions between the coral-associated Bacillus amyloliquefaciens GA40 and two representative fungi, Aspergillus fumigatus and Aspergillus niger, leading to the identification of iturin analogs as the predominant antifungal factors associated with this Bacillus strain.
Methods and Materials
Materials All chemicals used for ISP2, YES and M1 media, Universal MALDI matrix, iturin A, Sephadex® LH-20, and Amberlite XAD were purchased from Sigma-Aldrich (St. Louis, MO, USA) except for Instant Ocean® aquarium salts (Pentair Aquatic Eco-Systems, Inc., Apopka, FL, USA). J.T. Baker® organic solvents were purchased from Avantor Performance Materials, Inc. (Center Valley, PA, USA).
Collection, Isolation and Identification of Bacillus amyloliquefaciens GA40 The octocoral Muriceopsis bayeriana (Sánchez 2001 (Sánchez , 2007 was hand collected using SCUBA at 10 m depth from the waters surrounding Galeta Point, located on the Caribbean side of Panama in October 2009, and was identified based on its morphology by H. M. Guzman from the Smithsonian Tropical Research Institute. The sample was placed in a ziplock bag and transported to the laboratory within 1 hr of collection. A piece of the coral was rinsed with autoclaved seawater to remove loosely attached bacteria, and a small portion was aseptically ground using a sterile mortar before direct inoculation on agar plates with seawater-based nutrient medium (10 g of potato starch, 4 g of yeast extract, 2 g of peptone, 18 g of agar, 0.1 g of cyclohexamide in 1 l of natural seawater) (Jensen et al. 2005) . Agar plates were observed for bacterial growth at room temperature over a period of 1 mo. Strain GA40 was isolated from the collection plate and successively re-plated until a pure strain was obtained.
Taxonomic identification of the bacterial strain GA40 as B. amyloliquefaciens was carried out by sequencing 16S rRNA and cpn60 genes. The sequence of 16S rRNA was compared to RDP Naive Bayesian rRNA Classifier (Wang et al. 2007 ) and the non-redundant database of GenBank using BlastN (Altschul et al. 1990 ). The sequence of cpn60 partial segment was compared to cpnDB reference sequences (http://www.cpndb.ca). Phylogenetic trees were inferred by the Neighbor-Joining method and conducted in MEGA5 (Tamura et al. 2011) . Reference specimens of the coral (GLGA-061009-02) and the bacterial strain (GA40) were deposited at the INDICASAT's CBDD. Nucleotide sequences were deposited in GenBank under accession numbers KF157957 and KF157958. (Garo et al. 2003) , Acremonium species CNC890 (Belofsky et al. 2000) , Fusarium species CNL292 (Belofsky et al. 1999) and Fusarium species CNT021F (from a sediment sample from San Onofre, CA, USA, 2005, 750 m depth) were gifts from the Paul Jensen lab (SIO, UC San Diego).
Fungal spore stocks were generated by inoculating the fungal slants on YES agar (Samson et al. 2002 ) (terrestrial strains) or M1 agar (10 g of potato starch, 4 g of yeast extract, 2 g of peptone, 18 g of agar, 28 g of Instant Ocean® in 1 l deionized water) (marine strains) at 28°C for 7 d. Sterile water was added on top of the fungal colonies, diluted to 20 % glycerol, and stored at −80°C in small aliquots (7-8×10 6 colony forming units (CFU) ml −1 ). No Tween detergent was used due to anticipated interference with mass spectrometry analysis.
Preparation of Bacterial and Fungal Samples for MALDI-IMS and Extract Analysis GA40 was grown from a single colony in M1 liquid media overnight (OD 600 =1.07), diluted to a 20 % glycerol stock, and stored in small aliquots at −80°C (1.5×10 8 CFU ml −1 ).
GA40
(1 μl) was inoculated in a 5 mm streak at 5 mm distance from a spot of A. fumigatus inoculum (1 μl) on yeast extract/malt extract ISP2 agar ) (10 ml) in 100×25 mm Petri dishes. Similarly, GA40 and A. niger were co-inoculated. All organisms also were inoculated on separate Petri dishes as controls. Samples were incubated for 48 hr at 30°C. Regions of agar containing both side-by-side inoculated organisms or the singly grown organism were cut to yield pieces ranging from 1×2 cm to 3×4 cm, which were placed on top of a MALDI MSP 96 anchor plate (Bruker Daltonics, Billerica, MA, USA). A photograph was taken and the aerial hyphae of A. fumigatus and A. niger subsequently were removed gently with a cotton swab dampened in acetonitrile (Moree et al. 2012) . Another photograph was taken and a layer of Universal MALDI matrix (1:1 mixture of 2,5-dihydroxybenzoic acid and α-cyano-4-hydroxy-cinnamic acid) was applied to the sample using a 53 μm sieve. Samples were dried at 37°C for a minimum of 5 hr until they were completely dry and adhered to the MALDI plate.
The sample plates were subjected to MALDI-TOF mass spectrometry (Microflex from Bruker Daltonics, Billerica, MA, USA) for IMS acquisition, and were run in positive reflectron mode, with 600-800 μm laser intervals in XY and a mass range of 100-2600 Da. The data were analyzed using FlexImaging 2.0 software. Detailed instrument parameters for collecting image data were described in Yang et al. (2009) .
For extract analysis, 6 spots of GA40 (1 μl per spot, OD 600~0 .1) were inoculated on M1 or ISP2 agar (10 ml) in 100×25 mm Petri dishes and incubated at 30°C for 48 hr. Four replicate Petri dishes were extracted in 50 ml n-butanol overnight. The extracts were concentrated to dryness by rotary evaporation at 35°C.
General MS Procedures for Extract Analysis
For the ion trap and Fourier transform ion cyclotron resonance (FT-ICR) MS data acquisition, each extract or compound was dissolved in 1:1 MeOH/H 2 O containing 1 % formic acid, and subjected to nanoelectrospray ionization on a TriVersa NanoMate (Advion Biosystems, Ithaca, NY, USA) using a back pressure of 0.3-0.5 psi and a spray voltage of 1.3-1.45 kV. MS and MS/MS spectra were acquired on a 6.42 T ThermoFinnigan LTQ-FT-ICR MS or a ThermoFinnigan LTQ-MS (Thermo-Electron Corporation, San Jose, CA, USA) running Tune Plus software version 1.0 and Xcalibur software version 1.4 SR1. The instrument was first autotuned on the m/z value 816 of cytochrome C (charge state 15). Ions of interest were isolated by the linear ion trap and fragmented by collision-induced dissociation (CID). The isolation window for the ion trap was ±1-2 mass units and for the FT-ICR ±2-3 mass units. Activation energy was set to 35 % for both ion trap and FT-ICR.
Molecular MS/MS Network Generation
The MS/MS data of GA40 and commercial iturin A were clustered using the methodology described by Watrous et al. (2012) and visualized using Cytoscape (www.cytoscape.org). Algorithms assumed a precursor mass tolerance of 1.0 Da and a fragment mass tolerance of 0.3 Da with the cosine threshold set at 0.75. Nodes were colored according to origin, and the FM3 layout was used to separate the nodes into their respective clusters. Once the clusters containing the lipopeptides were located, individual nodes were selected and the MS/MS spectra were examined for sequence tags.
Isolation of Antifungal Compounds Five tubes containing 5 ml of M1 liquid media were inoculated with single colonies of GA40 grown on M1 agar plates. The tubes were shaken overnight at 30°C (OD 600 =1.03 average), added to 500 ml of liquid M1, and shaken for another 48 hr at 30°C (OD 600 =1.18). The broth was centrifuged at 3437×g, and the supernatant was mixed with Amberlite XAD (25 g) and gently shaken for 1.5 hr at 30°C. The Amberlite was filtered, washed with water (3 times), and subsequently eluted with acetone followed by MeOH. The resulting extracts were concentrated by rotary evaporation to obtain 0.47 g crude material. The pellet obtained after centrifugation was treated with 1:1 dichloromethane/MeOH (200 ml) overnight at room temperature and centrifuged. The supernatant was concentrated by rotary evaporation (0.34 g of material), combined with the acetone/MeOH extract, applied to Sephadex LH-20 and eluted with MeOH at 0.2 ml min −1
. Fractions were evaluated for fungal inhibition of A. fumigatus grown on M1 agar. Bioactive fractions were dissolved in MeOH, and a portion was purified by HPLC using an Agilent Infinity 1260 HPLC (Santa Clara, CA, USA) equipped with a diode array detector, a manual injector, and a Bio-Rad Model 2110 fraction collector (Hercules, CA, USA). A semi-preparative column (C-18, 150×10 mm, with 5 μm packing (Xterra from Waters Corporation, Milford, MA, USA) was used for purification at 25°C with a mobile phase gradient of 10 to 99.9 % acetonitrile/H 2 O containing 0.1 % trifluoroacetic acid in 26 min with a 2.0 ml min −1 flow rate.
Comparison of Commercial Iturin A and Iturins in GA40
Extract Iturin A was compared with the Sephadex LH-20 purified fractions from the GA40 extract that appeared to contain the iturin family of molecules using HPLC with an analytical column (C-18, 250×4.6 mm, with 5 μm packing (Luna from Phenomenex, Torrance, CA, USA) with a mobile phase gradient of 40 to 55 % acetonitrile/H 2 O (0.1 % trifluoroacetic acid) in 30 min which was ramped to 99.9 % acetonitrile/0.1 % trifluoroacetic acid in 10 min with a 1.0 ml min −1 flow rate.
Bioassay Fungal growth inhibition by Bacillus GA40 was assessed with a variety of fungi including Aspergillus spp., Penicillium chrysogenea, Trichoderma virens, Acremonium and Fusarium spp., by spreading fungal spore stock (20 μl) on ISP2 or M1 agar (4 ml) in 50×25 mm Petri dishes using glass beads and letting the spore solution air dry. A 2 μl aliquot of GA40 was inoculated in the middle of the plate. After incubation at 30°C for 48 hr, diameters of clearance zones were measured in mm. Inhibition of fungal growth by purified iturin analogs was assessed by inoculating a 1 μl spot of A. fumigatus on M1 agar and placing the center of a 6 mm paper disk treated with test compound 1.4 cm from the spot. One dose was tested for each iturin isolated (R 1 =C11, C12 and C13) in a ratio equivalent to that present in the GA40 extract (85, 40, 15 μg). After incubation for 5 d at 30°C, inhibition was assessed by measuring the clearance zone from the edge of the fungal colony to the nearest edge of the paper disk.
Results
Bacterial strain GA40 isolated from the octocoral M. bayeriana was identified as Bacillus amyloliquefaciens based on analysis of the partial 16S rRNA and cpn60 nucleotide sequences. The partial 16S rRNA gene of strain GA40 exhibited over 99 % homology with most Bacillus species, while the partial cpn60 gene showed greater homology with B. amyloliquefaciens (99 %) than other Bacillus species (less than 95 %). Phylogenetic reconstruction including cpnDB reference sequences also showed the sequence of GA40 was mostly related with B. amyloliquefaciens (phylogenetic tree available in Online Resource Fig. 1 ).
The marine Bacillus GA40 displayed antifungal activity against various fungal species derived from both terrestrial ( Table 1 , entries 1-8) and marine environments (Table 1 , entries 9-13) in a fungal lawn inhibition assay on M1 media Resource Fig. 2) . Interestingly, while in some cases no or weak fungal inhibition was observed in this lawn assay (A. fumigatus and A. flavus) (Fig. 1a , top row column i and ii), robust inhibition of fungal growth was observed for these strains in an alternative experimental set up using a side-by-side inoculation of GA40 with the fungal strains (Fig. 1a , bottom row column i and ii). A similar phenotype was observed for A. niger grown side-by-side with GA40, but in this case significant inhibition was also apparent in the lawn assay (Fig. 1a, column iii) . For A. versicolor very little fungal growth was detected in the side-by-side interaction with GA40, which agreed with the large zone of inhibition in the lawn assay (Fig. 1a, column iv) . MALDI-IMS was used to visualize the metabolite exchange that occurs when Bacillus GA40 was grown in proximity to either A. fumigatus or A. niger in a side-by-side inoculation. MALDI-IMS of side-by-side microbial interactions is more informative than lawn inoculations because metabolite origin and directionality of metabolite secretion can be more clearly detected. Although we have successfully used MALDI-IMS on a variety of agar media ), ISP2 agar is preferred due to limited background mass spectrometry signals from the media. In addition, when ISP2 agar is dried after treatment with Universal MALDI matrix, it typically adheres firmly to the MALDI anchor plate. M1, a seawater based media, has more significant background signals due to a high salt concentration that can suppress ionization of metabolites, and is more prone to flaking once the anchor plate is exposed to high vacuum. We found that the overall fungal inhibitory response for GA40 was similar on M1 and ISP2 (Table 1 and Online Resource Fig. 2) . GA40 was more prone to swarming on ISP2 than M1, which contributed to larger zones of fungal inhibition observed on ISP2.
The MALDI-IMS of the side-by-side interaction between GA40 and two representative fungi, A. fumigatus and A. niger, on ISP2 media revealed a large number of metabolites produced by both GA40 and the fungi (Fig. 1b) . The mass spectra of all the ions observed in the microbial interaction of GA40 and A. fumigatus during the IMS run were averaged (Fig. 1c) . A close-up of the m/z 1040-1140 region displays a set of ions assigned as [M+Na] + and [M+K] + with +14 Da differences; only the corresponding [M+Na] + ions are shown in the IMS (Fig. 1b) . Based on these parent masses and searches in the AntiMarin Database (www:http//chem. canterbury.ac.nz/marinlit/) for lipopeptides reported for Bacillus, we hypothesized that these metabolites belonged to the iturin molecular family (Fig. 1d) (Besson et al. 1976) .
Within the fungal metabolites, different distribution patterns were apparent, for example m/z 477 (A. fumigatus) was secreted in the media and m/z 196 (A. fumigatus) was confined to the nucleus of the fungal colony itself. The set of metabolites m/z 515, 531, 547, from A. fumigatus and A. niger, was concentrated at the periphery of the colony. At the interaction site with GA40, these metabolites were barely detected indicating that they were consumed, that their secretion by the fungus was inhibited, or that their ionization was suppressed. These metabolites were not further identified.
The same set of ions observed in IMS of GA40 and A. fumigatus, m/z 1066, 1080, 1094, and 1108, were detected in an n-butanol extract of GA40 and grouped together using MS/MS network analysis (Fig. 2a) . Based on MS fragmentation patterns, high mass accuracy, and comparison to authentic iturin A, the GA40 molecular species clustered with the authentic iturin A, and hence were annotated as iturins (Fig. 2a-c and Online Resource Fig. 3-7) (Besson et al. 1976; Williams and Brodbelt 2004) .
Iturins have antifungal properties (Besson et al. 1984; Falardeau et al. 2013) . To determine if iturins were responsible for the antifungal activity observed in the interaction of GA40 with A. fumigatus, a bioassay-guided fractionation was carried out. The fractions that showed antifungal activity in a radial growth inhibition assay (Fig. 2d) corresponded to the GA40 ions m/z 1066 (8 mm clearance zone to the closest edge of the paperdisk), 1080 (2 mm clearance zone), and 1094 (1 mm clearance zone). These ions were the sodium adducts of iturins with different fatty acid side chain lengths (R 1 =C11, C12 C13) observed in IMS (Fig. 1b) , and were members of the iturin cluster in the MS/MS network (Fig. 2a) . The MS/MS fragmentation patterns and HPLC retention times of the GA40-produced ions exactly matched authentic iturin A (Fig. 2c and e) .
Discussion
The emergence of both multidrug resistant pathogenic bacterial strains and a worldwide increase in pathogenic fungal infections necessitate the discovery of new antimicrobials. The waters of Panama are home to a large number of unique plants, animals and microbial species that provide a rich source of natural products, which could be mined in the search for molecules to combat infectious diseases. Besides focusing on single molecules with anti-infective properties, we are interested in the potential of bacterial strains to act as probiotics or biocontrol agents against pathogenic microorganisms by studying their collective arsenal of chemical defense agents. With the development of MALDI-IMS methodology, it is possible to obtain a comprehensive overview of the metabolites produced by microbes in media with minimal sample manipulation, thus reducing the risk of observing artifacts or losing critical signals . Healthy corals harbor a variety of microbial associates that play a key role in the defense of the host through production of secondary metabolites including antifungals, antibiotics, and signaling molecules. We cultured organisms from Muriceopsis bayeriana that was collected in the waters surrounding Galeta Point at the Caribbean of Panama. Bacillus amyloliquefaciens GA40 displayed robust antifungal activity against a variety of terrestrial and marine strains when tested in a fungal lawn assay or a side-by-side interaction on marine and ISP2 media (Table 1 and Fig. 1a ). Many of the tested terrestrial strains including A. fumigatus also are abundant in the aquatic environment. The metabolites including the antifungals produced by GA40 when grown alone or in close proximity to fungal strains were visualized with MALDI-IMS. MALDI-IMS indicated that many metabolites were produced by the bacterial and fungal species in the interaction of GA40 with either A. fumigatus or A. niger, as evidenced by the selection of the most intense signals displayed in Fig. 1b . Intensity of signals can vary between experiments and, therefore, interacting organisms and controls were imaged on one plate in one experiment.
A set of bacterial metabolites was secreted into the agar by GA40 when grown alone or when grown with the fungi. The spatial distribution for each ion was similar, while the intensity varied. Spatial distribution and relative intensities can suggest whether metabolites are secreted by the organisms in the media, confined to the colony, induced, or consumed by neighboring organisms. This information can further fuel hypotheses regarding metabolite activity. These metabolites were abundant at the interaction site and were detected well into the space occupied by the fungi. The pattern of +14 Da mass shifts that was observed in this set of ions is characteristic of different fatty acid chain lengths that are common to non-ribosomal lipopeptides, but also can be caused by methylation or Val-Leu/Ile substitutions.
Much like a fingerprint, the MS/MS fragmentation pattern of each metabolite is unique, yet metabolites that belong to the same molecular family will have very similar MS/MS fragmentation patterns and will form a cluster in the network. In MS/MS networking, molecules are subjected to fragmentation and visualized as nodes (circles), while the relatedness of each node is defined by an edge (lines). The thickness of the edge defines the degree of similarity of the MS/MS spectra. A cluster of ions corresponding to the major ions observed in IMS was identified as the iturin molecular family. By including these data in a network with MS/MS fragmentation of commercial iturin A, we confirmed the identification of this metabolite family cluster (Fig. 2a) .
Even though MS/MS and HPLC retention times match, it should be noted that neither the stereochemistry, nor the regiochemistry of the fatty acid side chains in these GA40 iturins are confirmed. By linking MS/MS information with the corresponding biosynthetic gene cluster, it was confirmed that these molecules belong to the iturin family of molecules (Nguyen et al. 2013) .
Bacillus species have been mined for microbial biopesticides and have yielded several commercially produced bacterial biocontrol agents (Favel 2005) . Bacillus species that produce iturin lipopeptides, including B. amyloliquefaciens have received attention as potent biocontrol agents against plant pathogens (Arguelles-Arias et al. 2009; Balhara et al. 2011; Falardeau et al. 2013; Gueldner et al. 1988) . Moreover, marine Bacillus species associated with gorgonian octocorals produce active lipopeptides that contribute to the regulation of microbial populations that adhere to the coral surface (Jiang et al. 2013) .
Our results support the hypothesis that coral-associated bacteria are an important part of the defensive strategies employed by the holobiont against pathogen infections. In particular, we demonstrate how the octocoral-associated Bacillus GA40 secretes lipopeptides of the iturin family as specialized metabolites at the interaction site with fungi. The bacterial secretion could prevent invasion or colonization of the holobiont by fungi.
In conclusion, MALDI-IMS in conjunction with MS/MS networking is a powerful mass spectrometric technique that can map the molecular space of microbes grown alone, adjacent to other microorganisms, or as part of complex microbial interactions. The data may suggest hypotheses regarding activity of metabolites, may guide decisions about whether and how to carry out a large fermentation and isolation scheme, may focus the isolation process on specific anti-infective agents, and may provide information on the metabolites produced by organisms under consideration as potential biocontrol agents. Here, we show how these techniques facilitated the identification of the iturin lipopeptide family as the compounds responsible for the antifungal properties of the coralassociated Bacillus amyloliquefaciens GA40. Fig. 1 a Fungal lawn inhibition by Bacillus amyloliquefaciens GA40 compared to side-by-side inoculation of GA40 and fungal strains Top row: Fungal lawns of (i) Aspergillus fumigatus, (ii) Aspergillus niger NRRL 3, (iii) Aspergillus flavus NRRL 3357, and (iv) Aspergillus versicolor with GA40 inoculated in the center on ISP2, 30°C for 48 hr. Bottom row: Side-by-side inoculation of GA40 (bottom, 0.5 cm streak) at 0.5 cm distance from fungal spot inoculation (top, indicated by a yellow (light) arrow). Controls are inoculated on the right, GA40 on the bottom and fungal strains (indicated by a blue (dark) arrow) on the top. b MALDI-IMS of the interaction between GA40 and A. fumigatus (left) compared to interaction of GA40 vs. A. niger (right) including the controls (i) GA40 on the bottom and A. fumigatus on the top (ii) A. fumigatus control (iii) GA40 control (iv) GA40 on the bottom and A. niger on the top (v) A. niger control (half of a colony was imaged) (vi) GA40 control c Average MS spectrum displaying all metabolite ions observed in the interaction of GA40 and A. fumigatus with a zoom-in on the m/z 1040-1140 region d Examples of structures of iturin molecules isolated from Bacillus species (Besson et al. 1976 (Besson et al. , 1984 
